Abstract. In Mormidea paupercula (n = 6 + XY in males), the presence of a CMA3-bright band in the telomeric regions on both sex chromosomes allowed the analysis of the kinetic activity of the sex univalents and XY pseudobivalent at the first and second meiotic divisions, respectively. The separation of the sister chromatids of the sex chromosomes occurs from a pair of telomeric regions (with or without a band), with opposite telomeric regions remaining associated with each other at meiosis I; the behaviour of both sex chromosomes differs, on the X chromosome both telomeric regions are similarly active, while on the Y chromosome the telomeric region without a band is more frequently active. At the second division, the most frequent associations in the pseudobivalent occur between the telomeric regions of both sex chromosomes with bands or without bands. Therefore, in both meiotic divisions, the same telomeric region on the sex chromosomes could lead the migration, in contrast to that observed usually in autosomal bivalents. These results provide evidence that the sex chromosomes of Heteroptera show more than one pattern of attachment to the spindle.
INTRODUCTION
A distinctive trait of the suborder Heteroptera is the presence of holokinetic chromosomes, i.e., with nonlocalised centromeres, as opposed to monocentric chromosomes, which are found in most organisms (Ueshima, 1979) . In mitosis, microtubules are attached to nearly the entire length of the chromatid, while in chiasmatic meiosis the kinetic activity is restricted to the telomeric regions, and for this reason they are also known as telokinetic chromosomes (Buck, 1967; Comings & Okada, 1972; Ueshima, 1979; González-García et al., 1996a; Mola & Papeschi, 2006; Viera et al., 2009a) .
The term reductional division refers to the separation of homologous segments at anaphase, while equational division implies the separation of sister segments at this stage. Two types of meiosis are described based on the sequence of these divisions and behaviour of the chromosomes. In the pre-reductional type the reductional division occurs during the first meiotic division and in the postreductional type it is delayed to the second meiotic division (Battaglia & Boyes, 1955) .
The autosomes and sex chromosomes of most Heteroptera exhibit different types of meiosis; the autosomal bivalents usually have a terminal chiasma, are oriented with their long axes parallel to the polar axis at metaphase I, and divide reductionally at the first meiotic division and equationally at the second division. Whereas, the sex chromosomes are achiasmatic, behave as univalents and divide equationally at the first meiotic division, while the X and Y chromosomes show the so-called touch-and-go pairing at the second meiotic division, forming a pseudobivalent, which divides reductionally (Ueshima, 1979) . Summarising, the autosomes undergo a pre-reductional meiosis while the sex chromosomes a post-reductional meiosis, which is designated inverted meiosis (reviewed by Viera et al., 2009a) .
The analysis of behaviour of autosomal bivalents using chromosome markers (e.g., presence of C-bands, fluorescent bands, nucleolar organiser regions (NORs), or a terminal satellite in a single telomeric region) revealed that the pair of telomeric regions that are kinetically activity at the first meiotic division are inactive at the second division (Nokkala, 1985; Pérez et al., 1997; Cattani et al., 2004) . However, kinetic activity in the same telomeric region occurs during the two meiotic divisions in a low percentage of cells (8.5%) in Triatoma infestans (Klug, 1834) (Reduviidae) (Pérez et al., 2000) . In addition, Camacho et al. (1985) , who analysed the behaviour of the large chromosome pair in Nezara viridula (Linnaeus, 1758) (Pentatomidae), suggest that the kinetic activity of the telomeric regions at both meiotic divisions is not linked.
Chromosome markers are used less frequently to study the behaviour of sex chromosomes. González-García et al. (1996b) and Pérez et al. (2000) , who analysed the kinetic behaviour of the X chromosome of Graphosoma italicum Muller, 1766 (Pentatomidae) and T. infestans, conclude that at metaphase I the two telomeric regions of each chromatid show kinetic activity and that the selection of the kinetically active telomeric region is independent between sister chromatids.
In Pentatomidae, the female chromosome complement of only 17 species is recorded, with sex chromosomes of equal size or with the X-chromosome larger than the Y-chromosome (Wilson, 1906 (Wilson, , 1909 (Wilson, , 1911 Schrader, 1940 Schrader, , 1945a Heizer, 1950; Schrader & HughesSchrader, 1956 , 1958 Srivastava, 1957) . On this basis, the convention adopted in this study is that the larger chromosome is the X chromosome and the smaller the Y chromosome.
The present study analyses the meiotic behaviour of the sex chromosomes of Mormidea paupercula Berg, 1879 (Pentatomidae). CMA3-bright bands present in one of the telomeric regions of both the X and Y chromosomes are used as chromosome markers in a detailed analysis of their kinetic activity and that of the XY pseudobivalent at the first and second meiotic divisions, respectively.
MATERIAL AND METHODS
Adult males of Mormidea paupercula were collected from natural populations at Gualeguaychú, Entre Ríos Province, Argentina. The specimens were fixed in 3 : 1 absolute ethanol : glacial acetic acid; then, gonads were removed and stored in 70% ethanol at 4°C. For meiotic studies, staining and squashing of a piece of gonad were done in 2% propionic haematoxylin in 45% propionic acid, using ferric citrate as a mordant.
Fluorescent staining with the GC specific CMA3 (chromomycin A3) and AT specific DAPI (4'-6-diamidino-2-phenylindole) was carried out on unstained slides. A piece of gonad was squashed in 45% acetic acid; the coverslip was then removed by the dry-ice method and the slide air-dried. The sequential DAPI-CMA3 banding of 13 males was determined using the technique described by Rebagliati et al. (2003) .
RESULTS AND DISCUSSION
The male chromosome complement of Mormidea paupercula is composed of six pairs of autosomes and two sex chromosomes, X and Y. At prophase I up to diplotene, the sex univalents are positively heteropycnotic and often found together and associated with the nucleolus (Fig. 1a) . The bivalents have a terminal chiasma, with the larger bivalent occasionally having two chiasmata; the sex chromosomes differ in size, the X chromosome being about the size of the smaller bivalent and the Y chromosome about half the size of the X chromosome ( Fig. 1b-d) .
At metaphase I, the autosomal bivalents are arranged in a ring-shaped figure in the equatorial plane, while the sex chromosomes are usually part of the ring or the Y chromosome lies at its centre (Fig. 1b, . At this stage, the chromatids of the X chromosome align side-by-side (Fig.  1b ), but at late metaphase I they separate and take up a position perpendicular to the equatorial plane. At the first meiotic division, the autosomes segregate reductionally and the sex chromosomes equationally (Fig. 1c) . At metaphase II, the XY pseudobivalent lies at the centre of the autosomal ring and segregates reductionally at anaphase II (Fig. 1d) .
In M. paupercula the autosomal bivalents exhibited homogeneous DAPI-CMA3 staining at all meiotic stages, whereas the sex chromosomes were DAPI-bright and showed CMA3-bright bands in one of their telomeric regions. In Hemiptera, the NORs are usually associated with CMA3-bright bands, indicating that they are GC-rich (Mola & Papeschi, 2006; Criniti et al., 2009) . Given the association between the sex chromosomes and the nucleolus in M. paupercula it is likely that the CMA3-bright bands contain ribosomal DNA (rDNA). In regard to the effects of rDNA genes on chromosome pairing and segregation, the NORs and particularly the 240-bp repeats of the intergenic spacer are reported to function as pairing sites of the sex chromosomes in many species of Drosophila (Roy et al., 2005) . In aphids, in parthenogenetic females during mitosis and in parthenogenetic eggs both X chromosomes are associated by their NORs. In eggs developing into males this connection has an effect on segregation and the X chromosomes undergo a particular division resulting in eggs with a single X chromosome (Mandrioli et al., 1999; Criniti et al., 2009 ). Mandrioli et al. (1999) state that the rDNA arrays and nucleolar material could be involved in the regulation of the association of the sex chromosomes in mitosis and meiosis of different animal phyla. González-García et al. (1996b ), Pérez et al. (2000 and Viera et al. (2009a) propose that at metaphase I, the sideby-side association of the chromatids of the sex chromosomes and their orientation (the long axis is parallel to the equatorial plate) should be frequent in Heteroptera. However, these authors point out that it is observed only if the chromosomes carry a marker. In addition, they suggest that (1) the spindle fibres interact with the chromatids of the X chromosome along their entire length to stabilize it on the metaphase plate, (2) at late metaphase I the sex chromatids segregate and the kinetic activity is restricted to the telomeric regions.
In M. paupercula, as in G. italicum and T. infestans, at metaphase I the chromatids of the X chromosome are parallel and segregation is deferred until late metaphase I. In contrast, the chromatids of the Y chromosome are separate and perpendicular to the equatorial plane throughout metaphase I. This difference in the arrangement of the sister chromatids between sex chromosomes may be related to the disassembly of cohesin complexes that hold them together (Viera et al., 2009b) . Given the small size of the Y chromosome, these complexes could be completely disassembled early in metaphase I.
The CMA3-bright bands on both sex chromosomes allowed us to analyse the kinetic behaviour of the X and Y chromatids in the two meiotic divisions.
At metaphase I, the chromatids of both X and Y chromosomes can separate in any of three patterns, dependent on which telomeric region is driving the movement, i.e. the banded (b) or the non-banded one (nb): (i) both banded telomeric regions show kinetic activity (b…nb-nb…b), (ii) both non-banded telomeric regions show kinetic activity (nb…b-b…nb) and (iii) one banded and one non-banded telomeric regions show kinetic activity (b…nb-b…nb or vice versa). In the case of random kinetic activity of both telomeric regions on both chromatids, the third configuration is twice as likely to occur as the other two (1 : 1 : 2, respectively). Studies on the X chromosome of G. italicum and T. infestans reveal the behaviour of the chromatids of the X chromosome relative to one another is random, which indicates they are attached to the spindle fibres independently of each other (González-García et al., 1996b; Pérez et al., 2000) .
In Mormidea paupercula, the kinetic activity of the X and Y chromosomes was analysed at late metaphase I, when their sister chromatids separate ( Fig. 1e-h; Fig.  2a-i) . Nine different combinations of the X and Y chromosomes were observed based on the location of the CMA3-bright bands; the different arrangements of the bands and the number of cells with each band arrangement are detailed in Fig. 2a-i . When results of the X and Y chromosomes were analysed, assuming random chromatid kinetic activity, significant differences between the expected and observed values were obtained for both sex chromosomes (P < 0.001) (Table 1A) . Thus, the kinetic A -Analysis of the active telomeric regions on the X and Y chromosomes at the first meiotic division assuming chromatid random kinetic activity.
activity of the telomeric regions on both sex chromosomes is not random.
In both sex chromosomes, the most frequent associations were between regions with or without bands (56 cells for the X chromosome and 54 for the Y chromosome, from a total of 64 cells) (Fig. 2a-g, Table 2 ).
As the same telomeric regions on the sex chromosomes associate more frequently at metaphase I and assuming that both telomeric regions have the same probability of showing kinetic activity, the distribution of the arrangements (i) and (ii) should be 1 : 1, for both the X and Y chromosomes. The deviation between the observed and the expected values was not statistically significant for the X chromosome, but significant for the Y chromosome (P < 0.001); the probability of the region without a band leading the migration to the spindle pole was four times greater than the region with a band (Table 1B) .
Taking into account the cohesin complex holding sister chromatids together (Page et al., 2006) , it can be postulated that these separate gradually in the X chromosome, with the complex beginning to disassemble in the telomeric regions. This would contribute to a shift from a holokinetic interaction with the spindle fibres to an interaction restricted to the telomeric regions (González-García et al., 1996b; Viera et al., 2009a, b) . In G. italicum and T. infestans this disassembly would begin simultaneously in both telomeric regions, allowing sister chromatids to undergo kinetic activity independently of one another (Viera et al., 2009a) . Instead, in M. paupercula the disassembly seems to begin in only one of the telomeric regions, on the Y chromosome mainly in the nonbanded one or any telomeric region on the X chromosome.
The disposition of the sex chromosomes in the centre of the ring formed by autosomal bivalents in Oncopeltus fasciatus Dallas, 1852 (Lygaeidae) led Wolfe & John (1965) to postulate that the chromatids of the X and Y chromosomes at anaphase I would be optimally placed to become attached by the active telomeric regions on the XY pseudobivalent, as a consequence of a lack of interkinesis. Based on this hypothesis, González-García et al. (1996b) suggest that the telomeric regions of the sex chromosomes that are kinetically active at the first meiotic division are inactive at the second because they are involved in the touch-and-go pairing, which keeps the pseudobivalent attached at metaphase II. The sex chromosomes of M. paupercula are differently arranged: they are part of the bivalent ring or the Y chromosome lies at its centre, migrating separately at anaphase I. This independent migration may lead to a random association of the X and Y chromosomes in the pseudobivalent.
At metaphase II, the CMA3-bright bands revealed the following four possible associations between the X and Y chromosomes in the pseudobivalent: association between telomeric regions with bands or without bands and association between the telomeric region with a band on one chromosome and the telomeric region without a band on another, and vice versa (Fig. 2j-m) .
In considering the kinetic behaviour of the X and Y chromosomes regardless of their association in the pseudobivalent, any of the telomeric regions could randomly lead the migration at anaphase II (1 : 1 distribution for each sex chromosome). No statistically significant deviation was found between observed and expected values for the X and Y chromosomes (Table 1C) .
Since both telomeric regions of the X and Y chromosomes have the same probability of leading the migration in the second meiotic division, it can be assumed that there is a random association between the chromatids of the X and Y chromosomes in the pseudobivalent and the distribution of the different arrangements should be 1 : 1 : 1 : 1 (Fig. 2j-m) . A significant deviation between the observed and expected values was found (P < 0.05) (Table 1D) .
This result rejects the random hypothesis, and shows that, as at metaphase I, there is a preference for kinetic activity in similar banded or non-banded telomeric regions on both the X and Y chromosomes in the pseudobivalent ( Table 1D ). Given that the two telomeric regions on the X chromosome are equally likely to lead the migration at anaphase I, only the behaviour of the Y chromosome can provide information on the kinetically active telomeric region during the second division. Two hypotheses can be tested: the first hypothesis postulates that the Y chromosome alternates between meiotic divisions, with the distribution of banded and non-banded regions that lead the migration being 43 : 11, respectively. There was a significant deviation between the observed and expected values (P < 0.001) ( Table 1E ). The second hypothesis is that kinetic activity at metaphase I pre- González-García et al. (1996b) conditions kinetic activity in the same telomeric region at metaphase II, with the distribution of banded and nonbanded regions that lead the migration being 11 : 43, respectively. In this case a significant deviation between the observed and expected values was also observed (P < 0.001) ( Table 1F) .
The combined results of these tests indicate that kinetic activity in the second meiotic division is independent of that in the first. This behaviour is completely consistent with that described by Camacho et al. (1985) for autosomal bivalents of Nezara viridula.
The autosomes and sex chromosomes of species with achiasmatic meiosis show a different kinetic behaviour; for example, the chromosomes of three species of Nabis migrate parallel to the equatorial plane in both meiotic divisions and show genuine holokinetic behaviour rather than telokinetic activity (Nokkala & Nokkala, 1984) . In the few species with this particular type of meiosis, the autosomes also divide pre-reductionally and the sex chromosomes post-reductionally (Nokkala & Grozeva, 2000; Ituarte & Papeschi, 2004) .
CONCLUDING REMARKS
The selection of the kinetically active telomeric region is independent between sister chromatids of the X chromosome in Graphosoma italicum and Triatoma infestans. The present study indicates that in Mormidea paupercula the sister chromatids of the sex chromosomes do not behave independently of each other in their attachment to the spindle fibres at metaphase I. Rather, their separation occurs from the same telomeric regions (with or without CMA3-bright band) with the opposite telomeric regions remaining associated with each other in a large proportion of cells (Table 2) . However, the sex chromosomes differed in their behaviour: on the X chromosome, the telomeric regions with and without a band were active to the same degree, while on the Y chromosome, the telomeric region without a band was more frequently active.
Moreover, the sex chromosomes do not associate randomly in the pseudobivalent, with the most frequent associations occurring between telomeric regions of both chromosomes with bands or without bands. Therefore, the same telomeric region of the sex chromosomes could lead the migration in both meiotic divisions. In addition, the NORs in the telomeric regions of the sex chromosomes may not affect the association of chromatids. Although, in M. paupercula this association is likely to occur mainly between the chromatids of the Y chromosome; the chromatids of the X chromosome in this species and in G. italicum, and the association between both sex chromosomes in the pseudobivalent would not be affected by the presence of these highly repetitive regions.
This study, together with the findings discussed above provide evidence that the sex chromosomes of Heteroptera show more than one pattern of attachment to the spindle at meiosis, even within the same family, since G. italicum and M. paupercula both belong to the Pentatomidae.
The underlying reason for the difference in the selection of the active telomeric region at the first meiotic division between sex chromosomes, and the mechanisms involved in the pseudobivalent formation remain to be elucidated. Further studies using multiple chromosome markers are required to clarify the particular meiotic behaviour of the sex chromosomes of Heteroptera.
